medication have significant differences with regard to their ancillary pharmacological properties and thereby also their profile at a molecular/cellular level. Furthermore, these differences have important clinical sequelae. Available data indicate that whereas ACEIs produce marked and consistent reduction of MI and CV death across diverse patient populations, the same cannot be said of ARBs.
Defining the ARB-MI Paradox
"How wonderful that we have met with a paradox. Now we have some hope of making progress."
-Niels Bohr The major ARB trials in high-risk patients have thus far demonstrated almost a complete lack of reduction in MI and mortality despite significant reductions in blood pressure. Paradoxically, rates of MI in some trials have actually increased with ARBs, 13, 16 which suggests that ARBs and ACEIs may exert distinctive effects on both the coronary circulation and atherosclerotic plaque stability.
This unexpected relationship of ARBs with MI may be aptly described as the "ARB-MI paradox" and was first raised as an issue in 2004. 24 This report focused on a 19% relative increase in MI with valsartan (compared with amlodipine) in the 15 245-patient Valsartan Antihypertensive Long-term Use Evaluation (VALUE) trial. 13 This editorial sparked tremendous discussion, debate, and controversy and resulted in a plethora of commentaries, [25] [26] [27] systematic reviews, 28, 29 and meta-analyses, 30 -33 the results of which have served to confuse rather than clarify the issue. To date, there is no consensus on whether ARBs have a tendency to increase MI, but there is also no substantive evidence to indicate that ARBs are able to reduce MI. This is a paradox in itself.
In this report, we strive to provide a comprehensive treatise on the available evidence (or the lack there of) evaluating the effect of ARBs on MI and CV death. The need for such an evaluation has been highlighted to us repeatedly, because the results of 9 of 11 key clinical trials of ARB treatment have reported an excess of MI that achieved statistical significance in 2 cases (VALUE and CHARM-Alternative [the Candesartan in Heart failure Assessment of Reduction in Mortality and morbidity Alternative Trial]). We will highlight the strengths and limitations of the currently available metaanalyses and contrast them with a meta-analysis that endeavors to avoid those deficiencies. We also seek to clarify the statistical principles of noninferiority, imputed placebo, and meta-regression analysis, which are central to the ongoing clinical and scientific debate.
To confirm the existence of an ARB-MI paradox, it is essential that we first examine the impact that blood pressure changes per se have on MI and mortality, and then, that we evaluate whether ARBs and ACEIs offer blood pressure-dependent and/or blood pressure-independent effects on these outcomes. We propose that on the basis of an objective assessment of the available data, the ARB-MI paradox does indeed exist; that it is biologically, pharmacologically, and pathologically plausible; and most important, that it has strong clinical relevance.
ARBs May Increase MI: Biological Plausibility
Ang II has a central role in CV disease both via its hemodynamic effects and through direct vascular effects. Ang II activates the AT 1 receptors, which mediate many of the well-known effects of Ang II, including aldosterone release with salt and water retention, vasoconstriction, increased cardiac contractility, cellular proliferation, and hypertrophy, as well as prooxidative and proinflammatory effects. 34 In the long term, activation of AT 1 leads to hypertension, cardiac and vascular hypertrophy, atherosclerosis, and MI. ARBs and ACEIs both attenuate the effects of Ang II, each by unique mechanisms. ACEIs decrease the synthesis of Ang II, whereas ARBs bind to the AT 1 receptors, thereby preventing their activation.
As a consequence of AT 1 blockade, ARBs increase Ang II levels several-fold above baseline by uncoupling a negative-feedback loop ( Figure 1A ). 34 Increased levels of circulating Ang II result in unopposed stimulation of the AT 2 receptors, which are, in addition, upregulated. The role of the AT 2 receptor in adults is not well defined, and some have suggested that its expression may be limited to embryogenesis and/or early development. It has been proposed that AT 2 receptors mediate vasodilatation and nitric oxide (NO) release, 35 effects that may counterbalance the AT 1 -mediated effects, and that stimulation of the AT 2 receptor during AT 1 blockade with an ARB would result in dual benefits (antagonism of Ang II and increased NO).
Unfortunately, recent data suggest that AT 2 receptor stimulation may be less beneficial than previously proposed and may even be harmful under certain circumstances through mediation of growth promotion, fibrosis, and hypertrophy, 34, 36 as well as proatherogenic and proinflammatory effects ( Figure 1B) . 35, [37] [38] [39] [40] In transgenic mice, the chronic overexpression of AT 2 has the potential to cause Ca 2ϩ -and pH-dependent contractile dysfunction in ventricular myocytes, as well as loss of the inotropic response to Ang II. 41 AT 2 -deficient mice are protected against cardiac hypertrophy ( Figure 1C ), 42 whereas overexpression of AT 2 in human cardiac myocytes is associated with increased cardiac hypertrophy ( Figure 1D ). 43 In addition, a critical role for an AT 2 receptor in mediating dilated cardiomyopathy and cardiac hypertrophy has been demonstrated ( Figure 1E ). 44, 45 More recently, Benndorf and colleagues 46 have clearly demonstrated that AT 2 receptors inhibit vascular endothelial growth factor-induced angiogenesis in endothelial cells. AT 2 stimulation may in addition inhibit hypoxia-induced neovascularization, a critical adaptive response in the chronically ischemic myocardium. 34 In the kidney, AT 2 may stimulate inflammation by upregulating glomerular RANTES. 47 Recent evidence in human myocytes suggests that Ang II may promote plaque rupture by augmenting matrix metalloproteinase-1 in an AT 2 -dependent fashion and by preventing growth of vascular smooth muscle cells with reduced collagen deposition and additional cellular apoptosis within advanced plaques ( Figure 1F ). 48 Also implicating stimulation of Ang II and AT 2 in the genesis of coronary atheroma is a study conducted in 509 United Kingdom families with premature coronary artery disease that found an association between a common, functional, X-linked Ang II type 2 receptor gene polymorphism (Ϫ1332 G/A) and premature coronary disease ( Figures 2B and 2C ). 49 An excess of the G allele was observed, which suggests that the increased premature coronary artery disease risk was mediated by increased AT 2 receptor expression ( Figure 2A ). 50 These data raise the biological plausibility that ARBs may promote plaque vulnerability and propensity to rupture.
The biology of the AT 4 receptor is less well defined but has been linked to the release of plasminogen activator inhibitor (PAI-1). 51 PAI-1 is a major inhibitor of fibrinolysis and a powerful independent predictor of death after transmural MI. 52 For the same reduction in blood pressure, ACEIs offer a greater PAI-1 reduction than ARBs in insulin-resistant hypertensive subjects ( Figure 3A ). 53 Whether Ang II-mediated AT 4 stimulation (during chronic ARB therapy) is responsible for the observed paradoxical increase in PAI-1 remains to be determined. Irrespective of the mechanism, from a biological standpoint, the observation that ARBs increase PAI-1 relative to ACEIs may point to an adverse effect of these agents on plaque vulnerability.
Another of the unique properties of ACEIs not shared by ARBs is their effect on increased bradykinin bioavailability. Bradykinin inhibits both platelet aggregation and circulating PAI-I levels and is one of the most potent stimulators of tissue plasminogen activator. Furthermore, bradykinin promotes vasodilatation via the release of prostacyclin, NO, and endothelium-derived hyperpolarizing factor. Long-term treatment with ACEIs augments both bradykinin- Figure 1 . A, ARBs selectively block AT 1 receptors, which leads to a marked counterregulatory upregulation in Ang II. 34 The resultant augmented Ang II release stimulates AT 2 receptor and postreceptor signaling, which has been shown in humans to promote leukocyte dependent matrix metalloproteinase (MMP)-1 release. 48 This may explain, in part, the ARB-MI paradox. B, Cardiac hypertrophy is not induced in the AT 2 -null mouse by pressure overload or chronic Ang II infusion. The heart of an AT 2 -null mouse treated with 4.2 ng/kg per min Ang II for 3 weeks shows protection against hypertrophy compared with wild-type controls. AT 2 receptor stimulation during long-term ARB stimulation, in addition to inducing plaque rupture, may also promote adverse ventricular remodeling. From Senbonmatsu et al, 40 with permission. C, Evidence for AT 2 receptor-mediated cardiac myocyte enlargement during in vivo pressure overload. a, Systolic blood pressure in Agtr2 Ϫ /Y and wild-type mice. ⅷ indicates aortic-banded Agtr2 Ϫ /Y mice; Ⅲ, aortic-banded wild-type mice; ⅜, sham-operated Agtr2 Ϫ /Y mice; and Ⅺ, sham-operated wild-type mice. A PϽ0.05. b, Interventricular septum (IVS) and left ventricular posterior wall (LVPW) in aortic-banded Agtr2 Ϫ /Y and wild-type mice. ⅷ, IVS in aortic-banded Agtr2 Ϫ /Y mice; Ⅲ, IVS in aorticbanded wild-type mice; ⅜, LVPW in aortic-banded Agtr2 Ϫ /Y mice; Ⅺ, LVPW in aortic-banded wild-type mice. A PϽ0.05. c, Left ventricular mass (LVM) of Agtr2 Ϫ /Y and wild-type mice. ⅷ indicates aortic-banded Agtr2 Ϫ /Y mice; ⅜, sham-operated Agtr2 Ϫ /Y mice; Ⅲ, aortic-banded wild-type mice; Ⅺ, sham-operated wild-type mice. A PϽ0.05. From Senbonmatsu et al, 42 with permission. D, AT 2 receptor causes constitutive growth of cardiomyocytes and does not antagonize AT 1 receptor-mediated hypertrophy. Increased AT 2 receptor expression results in Ang II-independent hypertrophy. induced peripheral vasodilatation and the release of tissue plasminogen activator to levels that approximate those seen during systemic thrombolytic therapy. 54 Bradykinin is also a key mediator of ischemic preconditioning, a unique cytoprotective phenomenon that allows myocardial cells to withstand injury from prolonged exposure to ischemia if first exposed to repeated brief bouts of ischemia. 55 Ischemic preconditioning can limit both infarct size and ischemia-mediated ventricular arrhythmias 55 and may contribute to the vascular protective effects of ACEIs. The relative lack of effect of ARBs on bradykinin may limit the aforementioned effects.
The effects of ARBs on endothelial dysfunction, the earliest marker of atherosclerosis, have been disappointing. ACEIs consistently improve coronary and systemic endothelial function. 56 -58 In contrast, ARBs have only a modest effect ( Figure 3B ). 57 ACEIs also have the unique ability to alter gene expression by binding to ACE, which is a nonreceptor endothelial cell surface protein. ACE binding elicits outside-in signaling transduction molecules, 59 one of which has been shown to increase both the expression and activity of cyclooxygenase-2 (COX-2). 60 COX-2 increases prostacyclin (PGI 2 ) and prostaglandin E 2 , although it does not increase thromboxane A 2 , and it may be another mechanism that contributes to the vascular protection conferred by ACEIs. ARBs have limited data specific to COX-2 that include the existence of a major metabolite of losartan (EXP3179) that reportedly inhibits COX-2, an effect that might potentially be deleterious. 61, 62 
Blood Pressure-Independent Effects of ACEIs on MI and Mortality
The profound benefits of ACEIs on MI and mortality in patients with heart failure seem disproportionate to the 6-mm Hg drop in mean systolic pressure from an initial mean blood pressure of 116/72 mm Hg. 1 In some hypertension trials that compared ACEIs to non-ACEI therapy, ACEIs produced a greater reduction in both fatal and nonfatal MI, even when similar blood pressure levels were achieved. 63, 64 Although it appears that ACEIs may have a blood pressureindependent benefit, it is difficult to remove blood pressure as a variable unless blood pressure levels are less than 115/ 75 mm Hg, because even a systolic blood pressure of 120 to 139 mm Hg and a diastolic pressure of 80 to 89 mm Hg have an associated increased CV risk. 65 The challenge is how to best quantify the impact of even small changes in blood pressure on vascular events. This is well illustrated by a meta-analysis of the "trilogy" of ACEIs-versus-placebo trials in vascular disease 66 : Heart Outcomes Prevention Evaluation (HOPE), 4 EUropean trial of Reduction Of cardiac events with Perindopril in stable coronary Artery disease (EUROPA), 5 and Prevention of Events with ACE inhibition study (PEACE). 6 Initial mean blood pressures in these trials were so-called normal (133/79 to 139/78 mm Hg) and fell by only a mean of 3/1.5 to 5/3 mm Hg, yet CV mortality was reduced by 17.4% (643 deaths with ACEIs and 778 with placebo, PϽ0.01). 66 Despite these impressive results, there was no substantive evidence that the benefit of ACEIs was independent of blood pressure lowering. 67 Even a meta-analysis of 162 341 patients from the Blood Pressure Lowering Treatment Trialists Collaboration (BPLTTC) 68 that suggested that ACEIs had a greater impact on MI and death than calcium channel blockers was not able to exclude the possibility that the blood pressure differential in favor of ACEIs was not the sole reason for the difference in outcome. The discussion becomes even more complex as evidence accumulates that some antihypertensive agents, for example, some ␤-blockers, may not reduce MI or death in hypertensive patients despite significant blood pressure reductions. 69 Two recent meta-analyses have provided strong evidence for a blood pressure-independent effect of ACEIs. Both meta-analyses included a meta-regression analysis, an extension to meta-analysis that seeks to test the relationship between outcome and possible explanatory variables. In this way, it is possible to investigate the factors that may account for between-study heterogeneity. Here, the influence of different decreases in blood pressure is investigated on the size of effect observed in the studies. The first of these analyses included 179 122 patients in trials that compared treatment with ACEIs or calcium channel blockers to comparators that included placebo and active treatments of diuretics and ␤-blockers. 70 A 10-mm Hg fall in systolic pressure translated into a 15% relative risk (RR) reduction of MI and CV death. Even so, ACEIs had a further 12% RR reduction above that achieved by blood pressure lowering ( Figure 4 ). These results are almost identical to a second meta-regression analysis of 137 356 high-risk patients from the BPLTTC, in which patients randomized to ACEIs had an additional 9% RR reduction of MI and CV death above that predicted by blood pressure lowering alone (discussed in detail below; presented European Society of Hypertension 2005). 27 In the next section, we highlight how these blood pressureindependent vascular protective effects (MI and CV death) of ACEIs noted above may not hold true for ARBs.
Relative Lack of Vascular Protection in ARB Hypertension Trials: Heightened Risk Despite Lower Blood Pressure
In the LIFE (Losartan Intervention For Endpoint reduction in hypertension) trial (nϭ9193), 14 losartan treatment was associated with a 5% statistically nonsignificant increase of MI (198/4605 versus 188/4588, unadjusted, or 7% adjusted) compared with atenolol despite a 1.7-mm Hg lower mean pulse pressure and a major reduction in stroke. Candesartan was associated with a 10% statistically nonsignificant increase in fatal plus nonfatal MI (14% for nonfatal MI) in SCOPE (Study on COgnition and Prognosis in Elderly) 15 (nϭ4937) despite a mean 3.2/1.6-mm Hg lower blood pressure than in the control group. In the VALUE trial (nϭ15 245), 13 treatment with valsartan 160 mg was associated with a statistically significant increase (19%; Pϭ0.02) in total MI (fatal and nonfatal MI) compared with amlodipine 10 mg. Importantly, this trial recruited "high-risk" patients with hypertension, 80% of whom had symptomatic vascular disease. A post hoc analysis of serial median matching 71 and a division of the follow-up period into consecutive intervals suggested that the MI rate was a reflection of the blood pressure differential of 1.8/1.5 mm Hg in favor of amlodipine, although these analyses have been criticized. 72 In VALUE, the predicted odds ratio (OR) for MI was 0.98 for a systolic blood pressure gradient of 2.2 mm Hg compared with the observed 1.19 (Pϭ0.03), which led one expert to conclude, "with regards to myocardial infarction, the results of valsartan-based treatment were worse, or conversely, those of amlodipine-based treatment were better, than predicted from the gradient in the achieved systolic blood pressure." 72 It has been suggested that the comparator therapies in some of the above trials may have reduced the incidence of MI rather than the ARB increasing its incidence. 73 Atenolol, as discussed, does not appear to reduce MI despite causing reductions in blood pressure. 69 Amlodipine does improve symptoms of angina and reduces hospitalizations and revascularizations in patients with coronary artery disease, but it does not appear to reduce MI or death compared with placebo despite lowering blood pressure by 4.8/2.5 mm Hg, 74 although that trial was not powered for these end points. A similar lack of vascular protection has been noted with other dihydropyridines. 75 Thus, at the present time, the balance of published information clearly points toward an increase in rates of MI with valsartan in the VALUE trial that cannot be explained by a differential blood pressure between valsartan and amlodipine nor by a unique vascular protective effect of the latter.
ARB Congestive Heart Failure Trials: Poor Performance With Respect to MI
Two early heart failure trials suggested a potential mortality benefit for ARBs. In the pilot trial ELITE (Evaluation of Losartan In The Elderly) I, 76 (nϭ722) losartan 50 mg once daily was associated with a lower all-cause mortality rate than captopril 50 mg 3 times per day (4.8% versus 8.7%), although with very few deaths, the trial was not powered for mortality but rather for renal safety and tolerability. In a post hoc analysis of a small subgroup in Val-HEFT (Valsartan-Heart Failure Trial) 17 (nϭ226/5010) who received neither an ACEI nor a ␤-blocker, valsartan 160 mg versus placebo had a lower mortality rate, although once again, the trial was not powered to test for this. The MI rate was not reported. In the pilot trial RESOLVD (Randomized Evaluation of Strategies fOr Left Ventricular Dysfunction; nϭ768), 77 the benefit of candesartan 16 mg for the primary end points of quality of life, tolerability, ventricular function, and exercise tolerability was no different than for enalapril 20 mg. However, the trial was stopped 6 weeks prematurely by the data safety monitoring committee because candesartan was associated with both an increase in mortality (6.1% versus 3.7%) and hospitalizations for heart failure (10.7% versus 3.7%, Pϭ0.048), although the study was not formally powered for these unexpected end points. The occurrence of MI and stroke was not reported.
In ELITE II (nϭ3152), 78 losartan 50 mg was compared with captopril 50 mg 3 times daily, and total mortality was increased nonsignificantly by 13% in the candesartan-treated group (280 versus 250 deaths) or, alternatively, was reduced by 13% in the captopril-treated group. Furthermore, candesartan was associated with a 30% statistically nonsignificant increase in the secondary end point of sudden cardiac death or resuscitated arrest, an end point for which benefit had been expected on the basis of the findings of ELITE I. Of note, the results of ELITE II cannot provide any insight into the issue of whether losartan is more effective than placebo, which is a true measure of drug efficacy. Furthermore, although emphasis was placed on the lower treatment-withdrawal rates for losartan than for captopril (9.7% versus 14.7%, PϽ0.001), it should be remembered that the excess cardiac event rates occurred with losartan despite better treatment compliance. Some have speculated that twice the dose of losartan might have produced a more comparable effect to captopril, but it could also be argued that twice the dose could potentially have accentuated the trend toward harm seen with losartan compared with captopril. Furthermore, all 4 of the trials (OPTIMAAL [OPtimal Trial In Myocardial infarction with the Angiotensin II Antagonist Losartan], VALIANT [VALsartan In Acute myocardial iNfarcTion], ELITE I, and ELITE II) that have sought to compare ARBs with ACEIs have chosen to study captopril, a first-generation, short-acting sulfhydryl ACEI. Furthermore, they did so over a shorter duration of follow-up than was required in the index SAVE (Survival And Ventricular Enlargement) trial (captopril versus placebo) for captopril to achieve statistical significance ( Figure 5 ).
The CHARM program 79 (nϭ7599) consists of 3 parallel trials that compared 32 mg of candesartan with placebo in patients with symptomatic heart failure. Candesartan reduced all-cause mortality (hazard ratio 0.91, 95% confidence interval [CI] 0.83 to 1.0, Pϭ0.055), but the benefits apparently all occurred in the first year of treatment. To quote the investigators, "this treatment difference in cardiovascular death was most striking in the first year without additional divergence in subsequent years." 79 This suggests an immediate but limited hemodynamic benefit of candesartan. This is further emphasized by the fact that the combined end point of death or readmission for heart failure was dependent primarily on the prevention of signs and symptoms of fluid retention. In sharp contrast, ACEIs have additional long-term benefits with regard to MI and mortality ( Figure 5 ), and these continue to accrue through many years of follow-up. 80 Although a reanalysis of CHARM suggests candesartan reduces the composite outcome of CV death or nonfatal MI, 81 all patients in CHARM-Added, and a proportion of those in CHARM-Preserved, had concomitant treatment with ACEIs. This has the potential to mask any possible deleterious effects of AT 2 receptor activation. The CHARM investigators have also concluded that the mortality rate in the patients who were compliant with candesartan therapy was no different than in those patients compliant for placebo, which led to the conclusion that in CHARM, a compliant patient had no mortality benefit with candesartan compared with placebo (MI not reported). 82 The CHARM Overall program 79 cannot provide insight into the ARB-MI paradox because it was conducted largely on the background of ACEI therapy. Furthermore, it mixed 3 unique and heterogeneous populations into 1 population. Rather, each trial must be analyzed independently. In CHARM-Alternative 16 (the only study not to require/permit background ACEI treatment), candesartan was associated with a 52% statistically significant increase in total MI (Pϭ0.025) compared with placebo despite a blood pressure reduction of 4.4/3.9 mm Hg in favor of candesartan. Could this be a random play of chance denoted by the probability value (Pϭ0.025)? On the side of a treatment benefit, the play of chance would have been considered to have been effectively ruled out (PϽ0.05). CHARM-Added 83 included ACEIs as background therapy, as did Val-HEFT, and as such, the effects of ARBs cannot be determined independent of those of ACEIs at the present time. CHARM-Preserved 84 included patients with diastolic dysfunction and is discussed separately.
In summary, in patients with chronic heart failure, the results of ARBs with regard to MI and CV death have been modest at best and may be comparable to the effects of placebo under certain circumstances. 82
Trials of Post-MI Patients With Heart Failure: How Well Did ARBs Fare?
OPTIMAAL 85 and VALIANT 18 compared losartan 50 mg and valsartan 160 mg twice daily, respectively, to captopril 50 mg 3 times daily in patients with signs or symptoms of congestive heart failure within 10 days of an MI. In VALIANT, there was a mean follow-up of just 2 years, and there was no difference for the primary end point of mortality. In OPTIMAAL, losartan versus captopril was associated with a significant increase in CV mortality (OR 1.17, CI 1.01 to 1.34) after a 2.7-year mean follow-up. Because both studies derived their primary justification for selecting a 3-times daily ACEI regimen from the SAVE study, it is relevant to note that the mean follow-up in SAVE was 3.5 years and that the MI and mortality benefit of captopril compared with placebo did not reach statistical significance before that time. In this context, it is not surprising that it may have been impossible for captopril to achieve superiority over an ARB in VALIANT simply because the duration of the trial was too short.
In VALIANT, the potential benefit of captopril may also have been masked because 39% of the patients received an average of 5 days of nonstudy ACEIs after the MI but before randomization, whereas in OPTIMAAL, all patients were ACEI naïve. ACEIs are known to reduce mortality in the early post-MI period (7% RR reduction at 30 days), with 85% of the benefit in the first week, 3 and therefore, early use of nonstudy ACEIs in VALIANT may have influenced the results. The mortality rates in VALIANT for ACEInaïve patients compared with those who received prerandomization ACEIs has not been published 18, 86, 87 but may differ significantly, as did the unadjusted 30-day mortality in VALIANT patients who had received nonrandomized ␤-blockers versus those who did not, whereby the mortality rate was reduced by 54% (6.6% versus 3.0%, PϽ0.001). 88 Although mortality and MI rates were statistically no different in VALIANT, the trial was designed to prove "superiority" and not "equivalence." A secondary statistical analysis did prove that valsartan 160 mg BID was "noninferior" to captopril, but again, it did not prove them equivalent. Importantly, the validity of a noninferiority analysis is dependent on the fact that the comparator (captopril) is being used in an optimal and similar fashion that directly relates to the index placebo-controlled trials (ie, SAVE), and as we have seen, this was not the case owing to the shorter duration of follow-up. In this regard, it is interesting to note that the benefits of ACEIs seen with regard to prevention of MI seem to be time-dependent, which suggests that the duration of follow-up in VALIANT and OPTIMAL may have been insufficient to permit the benefits from captopril to become fully apparent ( Figure 5 ).
It has been suggested by some that ARBs and ACEIs may now be considered to be equivalent and interchangeable in the post-MI setting. The literal translation of the word "noninferiority" (had this been adequately proven) suggests that valsartan would indeed be clinically equivalent, interchangeable, or an alternative to captopril, although this does not reflect the definition of the statistical term. 89, 90 Noninferiority as a statistical term simply defines that valsartan relative to captopril is "not substantially worse than the gold standard" but not necessarily equivalent. 91 This is best reflected in the final printed labeling of valsartan (US Food and Drug Administration document NDA 21-283/S-011, available at www.fda.gov), which states that noninferiority makes it "unlikely that valsartan has less than about half of the estimated effect of captopril" and confirms valsartan 160 mg twice daily as a second-line therapy for ACEI-intolerant patients.
The VALIANT study also reported an imputed placebo analysis, a concept that may be unfamiliar to many clinicians. This statistical analysis hypothesizes that if VALIANT had included a placebo arm, valsartan would have achieved 99.6% of the benefits that were seen with ACEI therapy compared with placebo in the historic post-MI trials of SAVE, AIRE (Acute Infarction Ramipril Efficacy study), and TRACE (TRAndolapril Cardiac Evaluation). Unfortunately, an imputed placebo analysis of VALIANT would only be valid if the concomitant medical therapy, invasive interventions, and duration of follow-up in VALIANT were comparable to those in SAVE/AIRE/TRACE, which, of course, is not the case. Perhaps more importantly, the fact that 39% of VALIANT patients received nonstudy ACEIs after MI and before randomization makes an imputed placebo analysis tenuous at best. 92 Hence, in patients with post-MI heart failure, valsartan may be considered as a second-line alternative therapy to an ACEI, with the recognition that the evidence for noninferiority offered in this case appears tenuous.
ARBs in Diastolic Dysfunction: Surprising Lack of Mortality Benefit
The CHARM-Preserved 84 trial compared candesartan to placebo in patients with heart failure and an ejection fraction of 40% to 60%. Although most physicians would elect to describe this population as having mild systolic dysfunction, because there was no measure of diastolic function per se, this trial still provides unique insights. CHARM-Preserved was a high-risk population with comorbidities that closely resembled those of patients in HOPE, 4 including diabetes mellitus, coronary artery disease, revascularization, prior stroke, or peripheral vascular disease, and a mortality rate of 11% compared with 8% in HOPE. Despite the fact that the mean follow-up duration in CHARM-Preserved was just 3 years compared with 5 years for HOPE, and despite there being a robust mean blood pressure reduction in favor of candesartan versus placebo of 7/3 mm Hg, there was not a single life saved with candesartan (candesartan 244 deaths versus placebo 237 deaths). However, there was a reported nonsignificant reduction in MI (candesartan 57 versus placebo 73; Pϭ0. 15 ). This was in the context of 20% concomitant use of ACEIs, which, together with the blood pressure reduction, may have masked any AT 2 receptor-mediated effects. Even so, these observations contrast sharply with the fall in mean blood pressure of only 3/1.5 mm Hg in HOPE, 4 in which ramipril reduced mortality by 16% (PϽ0.005) and MI by 20% (PϽ0.001).
An aspect that is often discussed relates to the uniqueness of the CHARM-Preserved trial, ie, no similar trial has been done with ACEIs in this population. Although this may appear to be the case, clinicians should be reminded that left ventricular dysfunction is a spectrum that does not conform to a mere ejection fraction below or above 40%. Because ACEIs have proven benefits in patients with low ejection fractions (Ͻ40%) and preserved ejection fractions (ie, HOPE, EUROPA), it may be inappropriate to discount their first-line use in the intermediate ejection fraction category, ie, patients with so-called diastolic dysfunction.
ARBs and Diabetic Renal Disease: More Evidence of the ARB-MI Paradox
Diabetes mellitus is associated with an increased incidence of vascular complications, which are attenuated primarily by ACEIs compared with ARBs, 26 although both classes of drugs may prevent the new onset of diabetes mellitus. 22 In a meta-analysis of hypertension trials in patients with diabetes mellitus, 93 ACEIs reduced both total mortality (43%, Pϭ0.01) and MIs (63%, PϽ0.001) compared with other drugs. In Micro-HOPE, 9 ramipril reduced both MI and CV death (22% and 37% respectively, PՅ0.01) with a mean blood pressure reduction of only 3/2mmHg compared with placebo. In the diabetes subgroup of LIFE, 94 losartan produced no reduction in MI despite having a similar mortality reduction as was seen in Micro-HOPE.
Nephropathy is a common microvascular complication of diabetes mellitus, and both ACEIs and ARBs offer similar renal protection according to a meta-analysis from the Cochrane group. 11 Renal disease is also a harbinger and surrogate marker for vascular disease in patients with diabetes mellitus that can be quite malignant in nature. In a study by Lewis et al, 12 patients with type 1 diabetes mellitus had a combined rate of mortality and MI of 9.9% despite an average age of only 35 years. ACE inhibition with captopril 25 mg 3 times daily reduced the combined end point of death, dialysis, and transplantation by 48% despite only small differences in blood pressure. The number of patients needed to treat with captopril to prevent 1 death was only 33, and the benefits continued to accrue throughout the 3-year trial period.
In the more recent Irbesartan Diabetic Nephropathy Trial (IDNT) 19 in patients with type 2 diabetes mellitus, CV risk was even greater than in the trial by Lewis et al, 12 20 which was also a study of diabetic nephropathy in patients with type 2 diabetes mellitus, losartan both reduced MI by 26% and delayed the need for dialysis by 40 days. However, once dialysis was required, losartan was associated with a 29% (PϭNS) increase in mortality [US Food and Drug Administration Advisory Briefings NDA 20-386 (S-028), available at www.fda.gov].
CV events are responsible for the overriding morbidity in patients with diabetic nephropathy, and it appears that the effects of ACEIs and ARBs on these events are profoundly different. In a Cochrane meta-analysis, 11 ACEIs reduced mortality by 21% (RR 0.79, CI 0.63 to 0.99), whereas ARBs produced a 0% reduction in mortality (RR 0.99, CI 0.85 to 1.17). Although some have suggested that the choice of an ARB versus an ACEI in diabetic nephropathy should be determined by the etiology of the diabetes (specifically, an ARB in type 2 diabetes mellitus, based on IDNT and RENAAL, and an ACEI in type 1 diabetes mellitus, based on the study by Lewis et al 12 ), this has clearly been refuted. 11 In fact, the RENAAL trial was terminated prematurely when data became available that not only did ACEIs attenuate the deterioration of renal function in those with underlying renal disease, but that an elevated creatinine level was a marker for increased vascular events, which, in turn, were profoundly reduced by ACEIs. 95 Although some have argued that an ACEI should have been chosen as the comparator in both IDNT and RENAAL, 96 the overwhelming evidence for a cardioprotective effect of ACEIs over ARBs makes them the logical first choice for patients with diabetes mellitus, regardless of underlying renal function. ARBs in diabetic nephropathy appear to lack the unique vascular protective properties of ACEIs, despite similar hemodynamic and renal benefits.
ACEIs and ARBs significantly reduce end-stage renal disease in nondiabetic patients as well (RR 0.87, 95% CI 0.75 to 0.99) 97 compared with other antihypertensive agents despite similar reductions in blood pressure. Furthermore, ACEIs have a profound impact on renal function even with serum creatinine levels of 3.1 to 5 mg/dL. 98 Renal disease per se is also an independent marker for CV events. 99 After an MI, even mild renal disease is a major risk factor for CV complications. 100 In an analysis of the SAVE database, the total mortality was 2-fold greater in patients with an estimated glomerular filtration rate Ͻ45, with the absolute benefit of ACEIs on mortality not only preserved but increased by more than 2-fold. 101 In HOPE, chronic renal disease was also a marker for increased vascular events, and once again, the absolute benefit of ACEIs was enhanced. 95 ACEIs also reduced mortality in high-risk blacks with renal disease, and this effect appeared to be blood pressure-independent. 64
Can Systematic Reviews and Meta-Analyses Resolve the ARB-MI Paradox?
Some systematic reviews of the major ARB trials have concluded that ARBs do not prevent MI or prolong survival, even when compared with placebo, 29 whereas others conclude that their effects are "either neutral, or may actually increase the rates of MI despite similar levels of blood pressure reduction." 28 A meta-analysis 33 of hypertension trials (nϭ29 375; LIFE, 14 VALUE, 13 and SCOPE 15 ) found that MI was significantly increased with ARBs (RR 1.12, 95% CI 1.01 to 1.26, Pϭ0.041) compared with non-ACEI therapy, whereas other meta-analyses have found a more neutral effect. 30 -32 The discordant results of the meta-analyses may reflect the high degree of dependence on the trials that have been included or excluded in the analysis.
For example, in a meta-analysis by Tsuyuki and colleagues (nϭ31 569, 19 trials), 31 there was no overall increase in MI with ARBs, but trials with non-ACEI therapy as the comparators were excluded despite those trials showing an increased incidence of MI with ARBs. 33 Almost half of the trials were less than 3 months in duration and therefore had event rates so low that the potential to demonstrate an adverse impact of an ARB may have been "diluted." Just as importantly, this meta-analysis did not include the more important end point of CV mortality, which may differ from MI. Exclusion of mortality is particularly relevant in OPTI-MAAL, 85 in which losartan and captopril had similar MI rates, but CV mortality was increased significantly with losartan (RR 1.17, CI 1.01 to 1.34, Pϭ0.032) compared with captopril. This meta-analysis also included CHARM-Added and Val-HEFT, in which patients received background ACEIs. This prevents adequate exploration of the dual consequences of ARB administration in the absence of ACEIs, namely, simultaneous AT 1 receptor blockade and AT 2 receptor activation. Even so, Tsuyuki and colleagues concluded that their analysis could not exclude that ARBs increase MI compared with placebo or ACEIs by as much as 16%.
In a large meta-analysis by Volpe et al (nϭ56 254, 11 trials), 32 there was a potential 18% increase in MI with ARBs compared with placebo (RR 0.99, 95% CI 0.84 to 1.18) and a possible 13% increase compared with other active therapy (RR 1.04, 95% CI 0.96 to 1.13). MI overall tended to increase with ARBs (RR 1.04, CI 0.97 to 1.11), but unfortunately, there was no assessment of CV mortality. In the meta-analysis by Volpe et al, 32 the MI data for VALIANT favored valsartan, but McMurray et al 86 reported that the number of patients with MI was in fact greater with valsartan than with captopril (587 versus 559, respectively). CHARM-Added and Val-HEFT were appropriately excluded from the meta-analyses given the fact that these studies permitted background ACEI therapy.
In a meta-analysis from Verdecchia et al (nϭ64 381, 11 trials, Ͼ1-year duration, minimum 500 patients), 30 CV mortality and MI overall were not increased; however, the rate of MI in the subgroup of ARB as compared to non-ACEI therapy was increased (OR 1.16 Pϭ0.017, fixed-effect model), which is a consistent finding with other meta-analyses. 33 Although no difference was shown in MI incidence for ARBs compared with ACEIs, this is not consistent with their finding that MI was increased with ARB compared with non-ACEI therapy. 27 These results appear to be mutually exclusive and not biologically plausible. This apparent paradox may reflect the inclusion of trials with short durations of follow-up and background ACEI use (VALIANT, CHARM-Added, and Val-HEFT), which would make any true effects of AT 2 receptor activation on coronary plaque stability more difficult to evaluate.
Although these meta-analyses appear to suggest that ARBs do not increase MI, they also confirm that ARBs do not reduce MI, regardless of whether the comparator is a placebo or non-ACEI therapy. 30 -32 This is despite the presence of significant blood pressure reductions that favor the ARB. The blood pressure effect alone ought to produce an observable benefit, unless opposed by an alternative tendency to increase MI, namely, a biphasic response that creates net neutrality. The conclusion of "vascular neutrality" for ARBs may therefore be an illusion and may simply reflect the inherent inadequacies of each of these meta-analyses.
To circumvent the challenges in the meta-analysis above, we performed a meta-analysis to evaluate the hypothesis that attenuation of both AT 1 and AT 2 receptor-mediated effects (with ACEIs) is preferable to isolated AT 1 receptor antagonism but with additional AT 2 receptor stimulation, as is the case with ARB therapy. Consequently, we systematically considered the data with regard to the effect of ARBs (in the absence of ACEIs) on the risk of major vascular events and included randomized, controlled trials with at least 100 patients in each group, with treatment for at least 6 months, and that had been published in the English language from1980 to March 2005. Only studies with a Jadad score (quality of research and report) of at least 3 were included. Major clinical end points were evaluated, including (1) global death, (2) CV death, (3) stroke (fatal and non fatal), and (4) MI (fatal and nonfatal). Because the primary objective of the analysis was to assess the clinical profile for use of ARBs in the absence of concomitant ACEI therapy, trials in which concomitant nonstudy ACEIs were prescribed were excluded (ie, CHARM-Preserved, CHARM-Added, and Val-HEFT). For the reasons explained above, use of nonstudy ACEIs early in VALIANT should disqualify this trial from meta-analysis, because there was background use of ACEIs, but this conclusion is hypoth-esis driven, and therefore VALIANT was included as per other meta-analyses.
Where 2 or more active comparators were studied (ie, ALLHAT [Antihypertensive and Lipid-Lowering treatment to prevent Heart Attack Trial] and STOP-2 [Swedish Trial in Old Patients No. 2]), both arms were included. Where 1 comparator arm was placebo and another was an active comparator, data were included as appropriate for comparisons against placebo (placebo-arm only included) or else all comparators (both control arms included). Trials were excluded if there was an absence of study end points (ie, TOMHS), no control group (ie, ATLAS), or combination therapy (ie, INVEST). The data included were those that the investigators reported and avoided the inclusion of multiple events for a single patient. The data were combined to obtain a summary estimate of the treatment effects as an OR with the 95% CI of the estimate also systematically calculated (Review Manager 4.2.8 software, Cochrane Collaboration; intent-to-treat analyses). Tests of homogeneity of the studies were performed with the Cochran Q statistic. When this failed to reach a statistical significance level of PϽ0.05, a fixed-effect model (Yusuf-Peto) was constructed; otherwise, a random-effects model (DerSimonian-Laird) was derived.
Our analysis compared (1) ARBs versus ACEIs, (2) ARBs versus placebo, (3) ARBs versus placebo or active comparator other than ACEIs, and (4) ARBs versus placebo or all active comparators including ACEIs. Unfortunately, previous meta-analyses failed to compare the effects of ARBs on MI with the documented effects of ACEIs on MI using similar methodologies. Therefore, we performed a similar meta-analysis for ACEIs to have a "benchmark" against which to measure the results of the ARB analysis.
Five trials compared ARBs versus ACEIs (nϭ19 419, follow-up 0.92 to 2.7 years: ELITE; ELITE II; OPTIMAAL; DETAIL [Diabetics Exposed to Telmisartan And EnalaprIL]; and VALIANT). Four of the trials included captopril 50 mg 3 times daily in symptomatic heart failure compared with losartan 50 mg daily in 3 trials and valsartan 160 mg twice daily in another. The overall event rates were global death, 17.4%; CV death, 14.6%; noncardiovascular death, 2.8%; stroke, 3.9%; and MI, 10.1% ( Figure 6 ). All end points other than stroke were more likely to occur with ARBs than with ACEIs, with global death showing a trend in favor of ACEIs (OR 1.06, 95% CI 0.99 to 1.14, Pϭ0.10). A sensitivity analysis that included the RESOLVD-Pilot study further emphasized this trend.
Four trials compared ARBs and placebo (nϭ9626, follow-up 2.6 to 3.7 years: CHARM-Alternative, SCOPE, RENAAL, and IDNT). The overall event rates were global death, 16.9%; CV death, 11.0%; noncardiovascular death, 5.6%; stroke, 4.7%; and MI, 4.9% ( Figure  7 ). Four end points (global death, CV death, noncardiovascular death, and stroke) were found to be less likely in patients treated with ARBs than in controls, with global death only marginally reduced (OR 0.94, 95% CI 0.66 to 1. 24, Pϭ0.24) . Stroke showed a strong trend toward reduction (OR 0.84, 95% CI 0.69 to 1.02, Pϭ0.09), whereas in contrast, the risk of MI did not.
Two trials compared ARBs and non-ACEI comparators (nϭ24 438, follow-up 4.2 to 4.7 years: LIFE and VALUE). The overall event rates for ARBs compared with either placebo or a non-ACEI comparator were global death, 12.2%; CV death, 6.3%; noncardiovascular death, 5.8%; stroke, 4.7%; and MI, 4.4% ( Figure  7 ). Three end points (global death, CV death, and stroke) were less likely with ARBs than with control, with global death marginally reduced by ARBs (OR 0.96, 95% CI 0.90 to 1.03, Pϭ0. 26) . In contrast, CV death showed no sign of benefit with ARBs, whereas MI was increased significantly by 13% (95% CI 2% to 25%; Pϭ0.02).
In total, there were 11 trials that compared ARBs with either placebo or any active comparator (nϭ55 050; Figures 7 and 8) . The overall event rates were global death, 14.0%; CV death, 9.2%; noncardiovascular death,4.7%; stroke, 4.4%; and MI, 6.3%. Only stroke was less likely in patients treated with ARBs than in those given a placebo. Global death was not reduced by ARBs (OR 1.01, 95% CI 0.96 to 1.06, Pϭ0.8), whereas MI was significantly increased by 8% (95% CI 1% to 16%, Pϭ0.03). Of note was the fact that 9 of the 11 trials demonstrated an excess of MI that achieved statistical significance in 2 trials (1 compared with placebo and 1 against an active comparator). The Cochran Q statistic for this analysis also indicated that the effects seen in these trials were homogeneous. Sensitivity analyses with the exclusion of VALIANT (excess risk 9%; 95% CI 0% to 19%; Pϭ0.04) or the inclusion of CHARM-Preserved and Val-HEFT (excess risk 7%; 95% CI 0% to 14%; Pϭ0.05) had no impact on this key observation. Figure 9 summarizes the parallel analyses that were conducted for treatment with an ACEI. A total of 23 trials compared ACEIs with placebo (nϭ68 631), whereas an additional 14 trials were included in analysis of ACEIs compared with either placebo or active non-ARB comparator (131 524 patients). Finally, we analyzed ACEIs compared with placebo and all active comparators including ARBs (150 943 patients). The overall event rates for any comparator were global death, 13.0%; CV death, 8.4%; noncardiovascular death, 4.7%; stroke, 4.2%; and MI, 5.8%. Importantly, these event rates are almost identical to those seen in the ARB analysis. Four end points (global death, CV death, stroke, and MI) were found to be reduced with ACEIs compared with placebo. Global death, CV death, and MI were significantly reduced in comparisons with (1) placebo or non-ARB comparator or (2) any randomized control. In all cases, and in contrast with the ARB analyses, these differences were strongly statistically significant. In contrast, stroke was reduced significantly when ACEIs were compared with placebo but showed no net benefit in the combined analyses. This is in keeping with shared benefits that result from treatment with ACEIs or other active drugs (including ARBs) that reflect the endocrine/hemodynamic actions of these agents, ie, blood pressure-related actions. Conversely, comparator drugs (including ARBs) were significantly inferior to ACEIs with regard to the prevention of MI. This may reflect an additional specific plaque-stabilizing effect of ACEIs that is not related to blood pressure reduction.
The results of our meta-analysis suggest that compared with placebo, ACEIs reduce MI and CV death, whereas there is no evidence than an ARB is better than a placebo. ACEIs tend to be superior in direct comparison with ARBs and with all active comparators, whereas ARBs tend to do worse than other active comparators. Despite some 200 000 patient encounters, our (2) number of events/patients randomized to ARB; (3) number of events/patients randomized to control; (4) graphical representation of OR (95% CI) for each trial; (5) relative weight/contribution of each trial to meta-analysis; and (6) OR (95% CI) for each trial. Testing for the heterogeneity of these trials allowed the null hypothesis to be rejected (Pϭ0.32) and the overall treatment effect to assessed by the fixed-model method described by Yusuf and Peto (OR 1.08, 95% CI 1.01 to 1.16, Pϭ0.03). meta-analysis, as well as others, may not have completely addressed the ARB-MI paradox, because a blood pressure differential existed in many trials in favor of ARBs, and these differences were not accounted for. In other words, it has not been possible to fully explore the hypothesis that ARBs may act to reduce MI via blood pressure reduction (presumed shared AT 1 receptor attenuation effect) while at the same time making MI more likely via a blood pressure-independent (presumed AT 2 receptor stimulation effect) mechanism. To address this issue further, meta-regression analyses have been attempted by 2 groups and applied to the ACEI/ARB data, providing important additional insights.
Meta-Regression Analysis May Help to Resolve the ARB-MI Paradox
The first of these analyses was by Verdecchia and colleagues, 70 who included 179 122 patients in trials with ACEIs or calcium channel blockers with comparators that included diuretics, ␤-blockers, or placebo (Figure 4) . A 10-mm Hg fall in systolic pressure translated into a 15% RR reduction in MI and CV death. What was noteworthy was that patients treated with ACEIs had a further 12% RR reduction above that achieved by blood pressure lowering alone, which strongly supports the premise that ACEIs offer blood pressureindependent benefits on vascular outcomes.
The The reduction in systolic blood pressure was plotted against the RR of the prespecified end points of stroke, heart failure, and coronary heart disease. The BPLTTC concluded that although there were no differences in risk reduction between ACEIs and ARBs with respect to the outcomes of stroke and heart failure, there was a highly statistically significant benefit of ACEIs relative to ARBs on MI and CV death (15% RR reduction; Pϭ0.001; Figure  10 ). 27 Furthermore the benefits of ACEIs were significantly greater than that of blood pressure lowering alone (9% [3% to 14%]) and were similar to the meta-regression analysis of Verdecchia et al. 70 Surprisingly, patients treated with ARBs did not exhibit the predicted effects on MI and CHD mortality with regard to blood pressure lowering alone; in fact, a statistically nonsignificant increased risk was observed independent of any change in blood pressure (Ϫ7% [7% to Ϫ24%], PϾ0.05).
The BPLTTC confirmed the superiority of ACEIs over ARBs in the prevention of MI and death, and Verdecchia and colleagues have provided convincing meta-regression analysis that ACEIs confer benefits on MI and CHD beyond what can be accounted for by simple reductions in blood pressure. In our opinion, this body of evidence is sufficiently compelling to support the first-line use of ACEIs over ARBs for coronary vascular protection in high-risk patients, irrespective of the effects of each agent on blood pressure.
Conclusions and Implications for the Future
The evidence is persuasive that the reduction in incidence of both MI and CV death seen with ACEIs is above that achieved by blood pressure lowering alone 27, 70 and is significantly greater than that achieved by ARBs in high-risk patients. 27 All meta-analyses support the existence of an ARB-MI paradox, either by a demonstration of increased risk of coronary heart disease events or by a demonstration of a lack of blood pressure-related vascular benefits. 30 -33 After adjustment for blood pressure differentials, not only are MI and CV death unaltered with ARBs, but they actually show a tendency to increase, such that compared with the clear benefits seen with ACEIs, the effects seen with ARBs are significantly inferior ( Figure 10 ). It is truly paradoxical that 9 of the 11 key ARB trials showed an excess in rates of MI, an observation that is difficult to discount in clinical practice (Figure 8 ). Discussion will continue as ongoing trials such as ONTARGET/TRANSCEND (ONgoing Telmisartan Alone and in combination with Ramipril Global Endpoint Trial/ Telmisartan Randomized AssessmeNt Study in ACE-iNtolerant subjects with cardiovascular Disease) 102 provide further comparative information.
As evidenced by our discussion, not only is there biological plausibility, but the available clinical evidence and meta-analyses, including our own, suggest that ARBs are indeed inferior to ACEIs with respect to MI and CV death. When clinicians are faced with the choice of using either an ACEI or an ARB in high-risk patients, they should be cognizant of the unique differences between each class of medications, particularly with respect to MI and CV death. There is no cogent evidence to support the equivalence of these 2 regimens with respect to coronary outcomes. Evidence would therefore dictate that reaching for an ACEI instead of an ARB prevents more MIs and vascular deaths, and as such, ACEIs should be the first choice across the spectrum of cardiometabolic risk reduction. Figure 10 . Summary of finding of BPLTTC regression meta-analysis for ACEIs or comparator [AASK, ABCD(H), ABCD(N), ALLHAT, ANBP2, CAPPP, DIAB-HYCAR, EUROPA, HOPE, JMIC-B, PART-2, PEACE, PROGRESS, SCAT, STOP-2, and UKPDS-HDS) or for ARB or comparator (IDNT, LIFE, RENAAL, SCOPE, and VALUE). Data shown are the blood pressure-independent effects expressed as an RR reduction (95% CI) for the clinical end points of stroke, heart failure, and coronary heart disease (MI and CV death). The reported statistical significance of differences between ACEIs and ARBs are also indicated. Adapted from Turnbull F. Blood pressure-independent effects for agents inhibiting the renin-angiotensin system. In: Program and abstracts from the Fifteenth European Meeting on Hypertension; June 17-21, 2005; Milan, Italy. Plenary Session. Available at: http://www.medscape. com/viewarticle/507293.
